Abstract. This research work dealt with the production of amorphous powder with a nominal composition of (Cu 55 Zr 35 Al 10 ) 97 Hf 3 (at%). Combining the mechanical milling and alloying, powder of crystalline Cu-Zr-Al alloy mixed with Hf elemental powder were milled in order to produce a homogenous and amorphous alloy powder. The master alloy and the powders milled for different time were analyzed by X-Ray Analysis (XRD) and Scanning Electron Microscopy (SEM). Particle size distribution and hardness were controlled during milling and at the end of the procedure. The milling caused hafnium dissolution. The 25 h milling time was the optimal to obtain the Hf containing powder with amorphous structure. However, elemental Hf traces with a size below 3 µm were still observed in the powder. After 50 h of milling, such elemental impurities as iron, nickel, chromium originating from milling tools (vial, balls) were detected.
Introduction
High-energy ball milling is a well-known process to produce amorphous alloys since 1981 [1] because the material transforms into metastable or non-equilibrium state due to high energy ball milling. There are two possibilities to transform the crystalline material into amorphous alloy by solid-state synthesis: one way allows production of homogeneous materials starting from blended elemental powder mixtures -this is the mechanical alloying (MA), the other way when the starting material is a powder of crystalline alloy -this is the mechanical milling (MM). Both methods have their advantages. MA is used to synthesize a variety of advanced materials [2] . Nevertheless, less time is required for amorphization in case of MM, which is important in terms of energy saving.
In recent years, Cu-based metallic glasses, such as Cu-Zr and Cu-Hf based alloys have been attracting increasing interest due to unique mechanical, physical, chemical properties. In the 2000-s Cu-Zr-Al ternary alloy systems were researched with great interest [3, 4] owing to that the Al addition improves the ductility and glass forming ability (GFA). Cu-Hf-Al bulk glassy alloys are also an investigated system [5, 6] . Further improvement in the characteristics of the Cu-Zr-Al glassy alloys may be possible by addition of alloying elements.
In this paper we examined the effect of addition of Hf to the Cu-Zr-Al system. We combined the mechanical milling and alloying. Powder of crystalline Cu-Zr-Al alloy mixed with Hf elemental powder was milled in order to produce a homogenous and amorphous alloy powder.
Experimental procedures
Master alloy ingot with a nominal composition of Cu 55 Zr 35 Al 10 (at%) was prepared by induction melting of a mixture of pure metals under purified argon atmosphere. The alloy was grinded and fractioned to a particle size below 320 µm for the ball-milling. Elemental hafnium powder sized below 3 µm was mixed with the grinded master alloy and placed in a stainless steel vial. 3 at% Hf was added to the crystalline alloy powder. The mechanical milling was performed in a Pulverisette 5 high-energy ball-mill in argon atmosphere using the stainless steel vial and balls with a diameter of 5, 7 and 10 mm [7] . The overall process lasted 55 h and milled powder samples were taken out of the vials at regular intervals.
The structure of the ingots and powders was confirmed by 1830 I Amray and Zeiss EVO MA equipped with an EDX DX4 and LS Series Scanning Electron Microscopes and a Philips PW 1830 diffractometer (XRD) with monochromatized CuKα radiation of a wavelength of 0.15418 nm using an anode voltage of 40 kV and a current of 25 mA. A Mituyoto MVK-H1 equipment was used for the microhardness measurement using a load of 50 g for 15 s. The macrohardness measurement was performed by Instron Tukon equipment with a load of 500 g for 15 s.
The particle size was measured by Quantimet Image Analyzer using Leica Software.
Result and discussion
Analysis of the master alloy Fig. 1 reveals the microstructure of the master alloy, which includes three phases. The dark gray phase, its EDS spectrum is shown in Fig. 1b , was identified as AlCu 2 Zr. The light phase, which EDS spectrum is presented in Fig. 1c , was equivalent to Cu 10 Zr 7 phase. The third phase of the master alloy was not possible to identify using the PDF-2-2002 database. Referring to the paper of Wang et al [8] and the phase diagram [9] , this phase was identified as τ 3 . The composition of τ 3 is Al 0.21 Cu 0.28 Zr 0.51 . It can be observed in the SEM image that AlCu 2 Zr crystal size was approximately 10 µm with generally non-uniform elongation in the grain geometry. Cu 10 Zr 7 was considered to be matrix since it occupied the largest volume in the alloy. τ 3 was the primary solidified phase based on the faceted crystal form with an average size below 5 µm.
Fig. 1 Microstructure of the master alloy
The XRD analysis of the master alloy represented in Fig. 2 confirmed the results of the EDS measurement. At the same time, the microhardness of the above mentioned phases was determined. An average microhardness of 595 HV 0.05 was measured for the AlCu 2 Zr phase, 668 HV 0.05 for Cu 10 Zr 7 and 720 HV 0.05 for τ 3 , respectively. Fig. 3 shows the XRD patterns obtained with the samples subjected to mechanical milling and alloying for different lengths of milling time. The diffractogram of the sample milled for 5 h already shows a broad diffraction maximum characteristic of an amorphous structure, but also apparent sharp Bragg peaks corresponding to AlCu 2 Zr crystalline phases and elemental constituent of hafnium (Fig. 4) .
Fig. 2 XRD pattern of the master alloy

Analysis of the milled powders
Fig. 3 XRD patterns of the powders milled for different time
The intensity and amount of the sharp peaks decreased while the milling time increased. It was supposed that the elemental Hf dissolved and the amorphization progressed. By 25 h of milling, the powder had been predominantly amorphous; only one peak that belongs to hafnium remained. After
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Materials Science at University of Miskolc 50 h, the former diffraction peaks disappeared. Nevertheless, new peaks appeared at another Bragg angle in the case of further milling. It can be concluded that true alloying occurred at the atomic level. These peaks could not be identified because they belonged to a multiphase. The half-maximum intensities of the amorphous halo (broadening of the halo) increased with the milling time corresponding to the change in the particle size [10] . It should be noted that pores in the particle influenced the results, as well. (Fig. 5b ) the lengthwise hafnium (signed 1) and the small AlCu 2 Zr (signed 2) particles could be observed in the gray, amorphous matrix as it was shown by XRD. By 25 h of milling, most of the dosed hafnium could have been distinguished, only a few very small particles had remained in the matrix as in the case of 50 h. But after 50 h, the EDS analysis proved that the aforementioned multiphase included Fe, Ni and Cr, which were accrued from the vial. During MA, heavy deformation is introduced in the particles. While fragmentation and coalescence of the particles kept balance during milling, pores, micro-cavities and a variety of crystal defects were encompassed within the particles of relatively large size. 6 demonstrates the change of the particle size during milling. The alloy particles got fragmented during milling and their particle size reduced continuously. The average particle size of the 5 h milled powder was 10-15 µm, which shifted towards smaller values during further milling and narrowed the Gaussian distribution. Milling after 25 h caused broadening of the size distribution and the mean size was 10-15 µm again.
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Materials Science at University of Miskolc Vickers hardness of the master alloy (Fig. 7) was the highest (750 HV 0.5 ). The addition of Hf particles to the crystalline powder and milling for 5 h reduced the hardness to 600 HV 0.5 . Further milling amorphization and dissolution of Hf led to increase of the hardness. But it should be mentioned that the microhardness of 50 h milled powder did not reach the initial value.
